Studying the development and mechanisms of sensory perception is challenging in organisms with complex neuronal networks. The worm Caenorhabditis elegans possesses a simple neuronal network of 302 neurons that includes 60 ciliated sensory neurons (CSNs) for detecting external sensory input. C. elegans is thus an excellent model in which to study sensory neuron development, function, and behavior. We have generated a genetic rescue system that allows in vivo analyses of isolated CSNs at both cellular and systemic levels. We used the RFX transcription factor DAF-19, a key regulator of ciliogenesis. Mutations in daf-19 result in the complete absence of all sensory cilia and thus of external sensory input. In daf-19 mutants, we used cell-specific rescue of DAF-19 function in selected neurons, thereby generating animals with single, fully functional CSNs. Otherwise and elsewhere these animals are completely devoid of any environmental input through cilia. We demonstrated the rescue of fully functional, single cilia using fluorescent markers, sensory behavioral assays, and calcium imaging. Our technique, functional rescue in single sensory cilia (FRISSC), can thus cell-autonomously and cell-specifically restore the function of single sensory neurons and their ability to respond to sensory input. FRISSC can be adapted to many different CSNs and thus constitutes an excellent tool for studying sensory behaviors, both in single animals and in populations of worms. FRISSC will be very useful for the molecular dissection of sensory perception in CSNs and for the analysis of the developmental aspects of ciliogenesis.
T HE detection of environmental cues is essential for the survival of every organism. These cues trigger and modulate essential behaviors like the search for food, avoidance of harmful conditions, or reproduction. Sensory perception in humans and animals relies on several different modalities including vision, touch, hearing, taste, and smell. Input via several or all of these senses is received simultaneously through sensory neurons. These sensory neurons transmit their signals to the brain, where all the information is integrated and processed, resulting in behavioral responses. As a consequence, studying sensory behavior in higher organisms is a very challenging task.
The nematode Caenorhabditis elegans responds to most sensory input except for sound. It detects a wide variety of environmental signals and executes a large number of different behaviors. C. elegans possesses a simple, welldescribed, and invariantly wired neuronal network of only 302 neurons (White et al. 1986) . Therefore, C. elegans is an excellent model organism in which to study the underlying neuronal logic that determines behavior. To sense environmental and internal cues, C. elegans possesses a rather small number of sensory neurons. Some of these sensory neurons are located throughout the body, where they are responsible for sensing body touch (Bounoutas and Chalfie 2007) . The majority, however, are located in the head and tail of the worm and have access to the environment. Best described and most studied is a subgroup of ciliated sensory neurons (CSNs) organized in two symmetric lateral sense organsthe amphids in the head and the phasmids in the tail (Perkins et al. 1986 ). All amphid and phasmid neurons are bipolar neurons that extend two processes from the cell body, one dendrite and one axon. At their tips, CSN dendrites project a small process, a cilium, with access to environmental cues. Cilia function as compartments to localize receptors and downstream signaling molecules that are necessary to receive sensory input. Each CSN is unique in its expression of receptors; these determine its sensory spectrum and trigger distinct behaviors in the worm ( Figure 1A ).
Several techniques have been developed to study the sensory functions of individual CSNs. One strategy is based on the elimination of individual CSNs with a focused laser beam (Bargmann and Horvitz 1991; Bargmann and Avery 1995) . In this technique, a single CSN or combinations of CSNs are deleted in individual animals, which are later tested for their behavioral response to distinct sensory cues. Genetic ablation of single CSNs can be achieved by expressing cytotoxic genes [e.g., ced-4 or mec-4(d)] from a cell-specific promoter (Shaham and Horvitz 1996; Harbinder et al. 1997) . Targeted cell ablation can also be induced by cell-specific expression of caspases, cysteine proteases that are key regulators of induced cell death (Chelur and Chalfie 2007) . However, all cell ablation methods reach limitations when complex or redundant sensory functions are studied. Such redundancies are uncovered only if, by chance, the right combination of sensory neurons is eliminated. Furthermore, these techniques allow only a certain cue to be matched to a specific behavior. Analyzing sensory perception inside the CSN under investigation itself is not possible ( Figure 1B) .
A recently developed technique employed to investigate sensory neuron function is optical imaging of calcium transients using fluorescent reporters. These molecules, e.g., cameleon, are used to measure neuronal activity when single neurons are exposed to sensory cues ( Figure 1C ; Kerr et al. 2000) . In contrast to ablation methods, neuronal activity imaging is used to study sensory functions of single neurons, both in wild type and in mutant animals. However, such experiments cannot directly establish a correlation between the activity of a neuron and the behavioral output assigned to that neuron; establishment of a functional link between a given neuron and behavior requires additional experimental manipulation.
In summary, the methods described above are used very successfully to determine the requirement of single CSNs for the detection of a specific sensory cue. However, these methods do not allow the examination of the sufficiency of single CSNs isolated from all other sensory input. Neither do any of the available methods cover all aspects of a sensory system: cue/perception/ neuron/behavior. These issues could be solved by an in vivo system that relies on the presence and function of only a single or a small number of selected ciliated neurons in an otherwise cilia-free background. In one possible approach, a heat-shock system that has been adapted for cell-and stage-specific expression of transgenes was tested in CSNs (Bacaj and Shaham 2007) . This tool was successfully used to extend and rescue short and partially defective cilia structures to their full length in a small number of neurons (but see also Hilliard et al. 2004 for comparison) . However, it remains unclear how the acute exposure to heat-shock temperatures affects the stability of cilia extension and cilia functionality, as well as behavioral outputs.
In this work we use the C. elegans daf-19 mutant as a tool with which sensory input through a single, fully functional cilium can be assayed in the background of a transgenic animal that is otherwise fully defective with regard to sensory input through cilia ( Figure 1D ). daf-19 encodes an RFX transcription factor that in CSNs directly controls the expression of a large number of structural and functional cilia genes (Efimenko et al. 2005) . In daf-19 mutants, no cilia are formed and the animals are completely sensory defective. However, even though sensory cilia are entirely absent, the remainder Figure 1 .-Different methods to determine the sensory specificity of single CSNs. (A) Wild-type worms are able to distinguish between a variety of volatile and soluble chemicals (sensory cues 1-3). Each CSN (neurons 1-3) detects one or more cues that evoke different behaviors in the worm. (B) Ablation techniques are applied to eliminate a single CSN (e.g., neuron 3). Subsequent analysis of the ablated animals determines the requirement of neuron 3 for sensory behavior 3. A redundant sensory function (detection of cue 1 and appropriate execution of behavior 1 evoked by neuron 3) is masked by the remaining functionality of neuron 1. (C) Imaging neuronal activity in neuron 3 (dashed line) provides information about the ability of cues 1 and 3 to stimulate it. Due to the immobilization of the worm during the imaging procedure, direct correlation of these sensory functions to behaviors 1 and 3 is not possible. (D) Restoring a single cilium on neuron 3 in a cilia-free daf-19 mutant background allows the isolated investigation of single sensory inputs at both cellular and behavioral levels. Both unique (cue 3) and redundant (cue 1) functions of a particular sensory behavior can be detected. Neurons in gray are not functional. (B-D) Behaviors in gray are not or cannot be executed by the worm.
of the CSN (cell body, dendrite, axon) is intact and properly localized (Swoboda et al. 2000) . We recently identified the relevant daf-19 transcript, daf-19c, which controls the development of structurally and functionally intact cilia (Senti and Swoboda 2008) . This transcript now enables us-for the first time-to specifically and fully rescue functional cilia development. We have developed a genetic rescue system, functional rescue in single sensory cilia (FRISSC), in which we restore single cilia by expressing daf-19c from CSNspecific promoters in a daf-19 mutant background. We show that restored single cilia are structurally as well as functionally complete and are sufficient to trigger correct behavioral responses. Moreover, rescued neurons show normal responses to sensory stimuli, while nonrescued neurons are completely nonresponsive. Thus, FRISSC allows one to assay in vivo the function of a single CSN, isolated from any other sensory input through cilia. Sensory perception through this CSN can be analyzed at a cellular level, as can its contribution to behavior at a systemic level. The heritable nature of the system allows the analysis of a large number of animals, also making it optimal to investigate even subtle phenotypes or redundant functions. FRISSC can also be adapted to dissect the signal reception and transduction machinery localized to cilia in C. elegans. By inducing heterologous expression of neuronal proteins from other organisms, the relevance of this tool can be extended beyond the worm.
MATERIALS AND METHODS
Strains and culture methods: Growth and culture of C. elegans strains were carried out as described (Brenner 1974) . All strains were grown at 20°unless stated otherwise. Strains used for this study were CB3323 [che-13 (e1805)], JT204 [daf-12 (sa204)], JT5010 (wild-type N2 Bristol), JT6924 [daf-19 (m86) ; daf-12 (sa204)], MT3665 [osm-9 (n1601)], and XL76 [ntIs13 ( flp-6TYC2.12, lin-15(1))]. The extrachromosomal array transgenes used in this work are summarized in the supporting information, Table S1 .
Injection constructs, germ-line transformation, and GFP expression analyses: Transcriptional fusions to fluorescent reporters were injected at 20-60 ng/ml and daf-19c rescue constructs were injected at 50 ng/ml. Promoters of the following genes were selected to drive daf-19c expression: gcy-5 (encoding a guanylyl cyclase; Yu et al. 1997) , gpa-13 (encoding a G protein a; Jansen et al. 1999) , dat-1 (encoding a dopamine transporter; Jayanthi et al. 1998) , gpa-11 (encoding a G protein a; Jansen et al. 1999) , and trx-1 (encoding a thioredoxin; Miranda-Vizuete et al. 2006) . Adult hermaphrodites were transformed using standard techniques (Mello et al. 1991) . Transgenic extrachromosomal arrays were analyzed in a daf-12 ( JT204) or daf-19 ; daf-12 ( JT6924) mutant background. The daf-12 mutation completely suppresses the dauer formation constitutive (Daf-c) phenotype of daf-19 and prevents dauer formation. Cameleon strains were generated as follows: XL76, expressing cameleon YC2.12 under control of the flp-6 promoter in ASEL and ASER, was crossed into daf-12 and daf-19; daf-12 backgrounds. daf-19; daf-12 animals expressing cameleon were transformed with gcy-5Tdaf-19c at 50 ng/ml and with the co-injection marker elt-2TmCherry at 50 ng/ml. Two independent rescue lines were used for optical imaging of calcium transients (''calcium imaging'').
Behavioral assays: To assess avoidance behavior, drop assays were performed as described (Hilliard et al. 2002) . For each assay, 30 worms were picked as L4 larvae and examined 24 hr later (as 1-day-old adults). The animals were tested for their avoidance behavior with three to five consecutive drops of 0.1% SDS or 1 m glycerol. Each assay was repeated at least twice, and data were pooled for statistical analysis. The avoidance index (a.i.) was determined as the number of correct responses to a drop of repellent (backward movement) divided by the total number of drops applied. Staged young adults (obtained by growing the progeny of bleached gravid adults) were used for chemotaxis assays. Attraction to 10 mm NaCl was assessed in quadrant assays, as described (Wicks et al. 2000; Jansen et al. 2002) . Each strain was tested in at least three independent assays. A chemotaxis index (c.i.) was calculated as (A À C)/(A 1 C), where A is the number of worms in quadrants with NaCl and C is the number of worms in quadrants without the attractant.
Antibody staining: Staining with antibodies against DAF-19C, OSM-5, and GFP was carried out as described (Senti and Swoboda 2008) . The secondary antibodies Alexa488 and Alexa546 ( Jackson Immunoresearch) were used 1:250, and Cy3 was used 1:1000. Incubations with primary antibodies were performed overnight at 4°, and incubations with secondary antibodies were for 3 hr at room temperature.
DiI staining, microscopy, and fluorescence imaging: Fluorescent dye-filling assays with DiI or FITC were performed as previously described (Starich et al. 1995) . For the investigation of GFP expression and dye filling, worms were anesthetized in 0.1% sodium azide in M9 buffer and immobilized on a 2.0% agarose pad. Analyses were performed on a Zeiss Axioplan 2 microscope with OpenLab software. The data presented in Tables 1 -3 are based on the analysis of at least 30 transgenic adult animals per line. Frequencies of reporter gene expression, rescue of dye filling, and cilia formation were confirmed in larvae and found to be very similar to those in adults (data not shown). Confocal micrographs of anesthetized worms were taken on an LSM 510 META laser-scanning microscope (Zeiss) equipped with an Argon 2/488 nm and a HeNe 543 nm laser.
Calcium imaging and image analysis: Selection of rescued worms for optical imaging of calcium transients (''calcium imaging'') was done in the following way: 20 hr before imaging, animals at the late L4 stage were paralyzed on nematode growth medium agar plates containing 0.5 mm levamisole (Riedel-de-Haën) for 1 hr. After paralysis, worms were mounted individually on 2% agarose pads containing 0.5 mm levamisole. They were imaged and examined for cilia with a Zeiss Axioskop inverted microscope, using a 3100 Plan-NEOFLUAR objective. gcy-5Tdaf-19c worms with structurally complete cilia were recovered by carefully peeling off the cover glass and picking off the worms. Worms without rescued cilia were discarded. To make sure that all animals received the same treatment, daf-12 and daf-19; daf-12 control animals were paralyzed, mounted, and recovered in the same manner. All animals were allowed to recover on plates with bacterial food and were used for calcium imaging the following day.
Sample preparation and delivery of NaCl steps was performed in the following way: recovered worms were glued on 2% agarose pads (40 mm NaCl) using cyanoacrylate glue (Nexaband S/C, Abbott Laboratories). The pad was briefly placed on ice during the gluing to constrict the animals' movements. Animals were placed under the microscope in a perfusion chamber (RC-26GLP, Warner Instruments) under a constant flow rate (0.4 ml/min) of 40 mm NaCl using a perfusion pencil (AutoMate) for inflow, and a peristaltic pump to regulate the outflow (Econo Pump, Bio-Rad). Tensecond steps in NaCl were achieved by delivering 0 and 80 mm NaCl buffers using the perfusion pencil and automated valves (EW-98302-20, Cole Parmer), controlled by Motorway software 2.5. All buffers contained the indicated concentration of NaCl, 10 mm HEPES-NaOH (pH 7.1), and 1 mm MgSO 4 . The osmolarity for the individual buffers was adjusted to 350 mOsmo using glycerol.
For imaging and image analysis, optical recordings were performed on a Zeiss Axioskop 2 upright compound microscope using a 363 Zeiss Achroplan water immersion objective. Filter/dichroic pairs were excitation, 420/40; excitation dichroic 455; CFP emission, 480/30; emission dichroic 505; and YFP emission, 535/30 (Chroma). The microscope was fitted with a Hamamatsu Orca ER CCD camera, a Hamamatsu WView emission image splitter and a Uniblitz Shutter (Vincent Associates). Images were acquired at 10 Hz using MetaVue 4.6 (Universal Imaging). Image analysis was performed using a custom program written in Java, parameterized, and averaged using scripts written in Matlab 6.5.1 (The Mathworks).
RESULTS
Rescue of cilia on selected CSNs: DAF-19 is required in all CSNs to activate the cilia formation program. daf-19 mutants fail to activate direct-target cilia genes and completely lack all ciliated structures. Expression of daf-19c, the CSN-specific isoform of the daf-19 gene, in a daf-19 mutant background rescues cilia formation and all cilia-related phenotypes, thereby restoring all sensory functions ( Figure 2B ; Senti and Swoboda 2008) . In this work, we asked whether we could use a modified rescue strategy to generate worms with cilia on only a few selected or even single CSNs in a worm that otherwise completely lacks sensory environmental input through cilia. In such an experimental setup, we would be able to investigate the cell autonomy of cilia formation and of sensory behavior at the level of single CSNs.
To determine whether we could generate only a single cilium in a daf-19 mutant background, we initially chose the gcy-5 promoter to express daf-19c in a cell-specific manner. gcy-5 encodes a guanylyl cyclase and its promoter drives expression exclusively in a single CSN, the neuron ASER (Figure 2A ). To facilitate the identification of ASER in transgenic worms, we cotransformed the reporter gene gcy-5Tgfp together with the rescue construct. When stained with an antibody against DAF-19C, we detected only one nucleus expressing DAF-19C in these rescue lines. This nucleus always resided in the gfpmarked ASER neuron (data not shown). DAF-19C expression in ASER was observed from embryonic to adult stages. These expression dynamics followed the expression pattern of the gcy-5Tgfp reporter. By contrast, daf-19c expressed from its own promoter restored direct-target cilia gene expression as well as cilia formation in all CSNs in the head and tail of the worm ( Figure 2B and data not shown). To demonstrate that DAF-19C expressed from a heterologous promoter was functional, we investigated the expression of reporter constructs (promoter fusions to gfp or DsRed) of established direct DAF-19C target cilia genes (x-box genes; Haycraft et al. 2001 Haycraft et al. , 2003 Blacque et al. 2004) . Expression of DAF-19C in the single ASER neuron activated bbs-7Tgfp, che-13TDsRed and OSM-5 expression, tested by antibody staining, in the neuron (Figure 2, C and C9 vs. D and D9, and E; data not shown). These results demonstrate that daf-19c under the control of a heterologous promoter is able to induce cilia-specific gene expression in selected single neurons.
Several additional features can be used to verify that a particular cilium or CSN is structurally and functionally complete. One method is visual inspection of cilia morphology. We investigated visually the rescue of cilia structures in the gcy-5 rescued lines and found that ASER neurons formed cilia at the tip of their dendrites. By contrast, cilia were never found on ASER neurons in daf-19 mutants (Figure 2 , F vs. G) or ASEL (Figure 3, A  and B) . Some CSNs are characterized by their direct contact to the environment. Consequently, when wildtype worms are exposed to fluorescent lipophilic dyes (DiI, DiO, FITC, etc.), 12 of 60 CSNs take up the dye through their cilia, and fluorescent labeling occurs throughout the cell body and both neurites. Structurally impaired, short, or missing cilia lead to a phenotype described as dye filling defective, or Dyf (Perkins et al. 1986; Starich et al. 1995) . To confirm the structural integrity of rescued single cilia by dye filling, we generated another rescue line, using the gpa-13 promoter. This promoter drives daf-19c expression in the following CSNs: ADF, ASH, AWC in the head, and PHA/ B in the tail (Figure 4, A and B) . Again we confirmed the expected expression pattern of DAF-19C and the activation of its direct-target cilia genes bbs-7Tgfp and che-13TDsRed (Figure 4 , C-E; data not shown). gpa-13 activates expression in two neuron pairs, ASH and ADF, which can be labeled with the lipophilic dyes DiI and FITC, respectively. daf-19 mutants are completely dye filling defective. However, when daf-19c was expressed in those mutants from the gpa-13 promoter, ASH neurons expressing DAF-19C regained their ability to fill with DiI and ADF neurons to fill with FITC ( Figure 4E ). These results show that expression of DAF-19C in selected CSNs can restore not only cilia gene expression, but also structurally complete cilia.
Single rescued CSNs are physiologically fully functional: Calcium imaging provides a very good method to measure neuronal activity in vivo. The genetically encoded calcium indicator cameleon has been used to study sensory responses in many C. elegans neurons (Kerr et al. 2000; Suzuki et al. 2003; Hilliard et al. 2005 ), and we have previously shown that ASER is stimulated by decreases in NaCl and ASEL by increases in NaCl (Suzuki et al. 2008) . To investigate the properties of neurons in which ciliogenesis has been rescued by expression of daf-19c, we recorded calcium transients in ASER in response to a NaCl down-step. daf-12 animals showed responses similar to wild type (data not shown), a 42.4% average ratio change (N ¼ 10) in response to a 40-mm down-step ( Figure 3C ). In daf-19; daf-12 animals, the calcium transients in response to the down-step were completely abolished ( Figure 3E ), as expected from the lack of cilia and sensory function. We then tested transgenic gcy-5Tdaf-19c rescue lines expressing cameleon in ASEL and ASER. Expression of daf-19c in daf-19; daf-12 mutants under the control of the gcy-5 promoter fully rescued the calcium transients in ASER in two independent transgenic lines. The transgenes yielded on average ratio changes of 49.3% and 47.8%, respectively (N ¼ 8) (Figure 3 , G and I), confirming that the ASER cilium is fully functionally restored.
To demonstrate that the rescue in ASER was cellautonomous, we recorded calcium transients in ASEL in response to 40-mm NaCl up-steps by stimulating the worms with 80 mm NaCl. daf-12 animals showed a wildtype response, a 10.6% ratio change ( Figure 3D ; data not shown). daf-19; daf-12 mutants and both transgenic gcy-5Tdaf-19c rescue lines failed to respond to the upstep (Figures 3, F, H, and J) . These data confirm that the rescue in ASER is cell-autonomous and that the cilium is required for the sensory response. Taken together, these data show that expression of daf-19c from the gcy-5 promoter rescues neuronal activity cell-autonomously in ASER and restores calcium transients in response to sensory stimuli. Thus, the cilium on the ASER dendrite is fully functional and capable of transmitting physiological responses.
Quantitative evaluation of the rescue system: Since we can restore the structure of cilia on single CSNs and their sensory ability in daf-19 mutants, we asked if we could establish a tool that allows the functional investigation of any single CSN. One prerequisite would be that the rescue works efficiently using a large variety of CSN-specific promoters. Thus, we quantified the rescue efficiency of DAF-19C expressed from promoters that are active in different sets of CSNs (Table 1) .
We ensured that all promoters tested-gcy-5, gpa-13, dat-1, gpa-11, and trx-1-are active at late embryonic stages, the time period when cilia develop in C. elegans. The onset of promoter activity was monitored by transcriptional gfp fusions. Consistent with the gfp expression profile of the promoters, all were able to induce DAF-19C expression from the late embryonic to adult stages as confirmed by immunofluorescent staining with antibodies against DAF-19C (data not shown). We detected DAF-19C expression exclusively in those neurons in which the promoters were expected to be active.
All transgenes were studied in the worm as extrachromosomal arrays. As a consequence of not being integrated into the genome, extrachromosomal arrays are occasionally lost in certain cells during mitosis. Thus, to mark transgenic, DAF-19C-expressing, and therefore potentially rescued neurons, we used cell-specific promoterTgfp fusions. To then quantify the expression of DAF-19C in those neurons, we coexpressed a transcriptional DsRed fusion of the direct DAF-19C target cilia gene che-13. Each transgenic gfp-positive neuron was then scored for the induction of che-13TDsRed. We found that in all transgenic rescue lines the induction of cilia gene expression in transgenic neurons was exceptionally high, that is, .80% (Table 2) . Transgenic lines expressing daf-19c from the gpa-13 promoter did not contain a gfp marker for neurons harboring the extrachromosomal expression array. Thus, we were not able to analyze specifically only transgenic neurons. Instead, we assumed that all neurons were transgenic. In such a scenario, the efficiency of DAF-19C to activate direct-target cilia genes in those CSNs in which the gpa- 13 promoter was active was .65%. However, since extrachromosomal arrays are never transmitted to all cells, the number of actual transgenic neurons is unknown. The fraction of che-13TDsRed-expressing neurons, therefore, is necessarily a conservative (under-) estimate.
Next we asked how the efficiency in inducing (direct DAF-19C target) cilia genes corresponded to the structural formation of complete cilia. We examined single transgenic neurons marked with bbs-7Tgfp by visual inspection for the presence of cilia at the tip of their dendrites (Table 3) . Typically, more than half, in some cases up to 80% of all transgenic gfp-positive neurons in the various rescue lines, formed cilia compared to the complete absence of cilia in daf-19 mutants (Table 3) . Only in ASJ neurons did we observe that the rescue efficiency of cilia was exceptionally low. Rescued cilia in ASJ were typically also misshaped or short. We speculate that trx-1 promoter strength (driving daf-19c) or as-yetunknown aspects of ASJ development may constitute possible reasons for the observed low rescue efficiency. When applicable, dye-filling assays were performed to demonstrate that the structural rescue of cilia was indeed complete. As expected, rescued cilia also facilitated fluorescent dye filling with lipophilic dyes in most neurons (Table 3) . We did not observe dye filling in rescued ASJ neurons, which is likely due to misshaped or short cilia. Also the phasmid CSNs PHA/B did not fill with DiI. In summary, using five different promoters to control daf-19c expression, we examined 11 different classes of CSNs: ADE, ADF, ADL, ASE, ASH, ASJ, AWC, CEP, PDE, PHA, and PHB. In 11/11 CSN classes (100%), we were able to induce expression of direct DAF-19 target cilia genes and, in 7/7 examined CSN classes (100%), the morphological rescue of cilia. Testing the structural integrity of those cilia by dye filling was successful in 3/4 (75%) cases.
Finally, to ensure that the rescue of functional cilia was specific for the rescued CSN, we analyzed all lines for the nonspecific induction of the cilia reporter genes bbs-7Tgfp and che-13TDsRed. We did not find activation of cilia genes in nontransgenic neurons (data not shown). In addition, we did not find neurons that were rescued for their Dyf phenotype, except for those sensory neurons in which we intentionally expressed DAF-19C (data not shown). In summary, we conclude that the expression of daf-19c from CSN-specific promoters in daf-19 mutants restores cilia-specific gene expression and cilia structure only in those CSNs in which the promoter is active. This rescue is specific for the rescued CSNs and is cell-autonomous as it does not lead to rescue in other neighboring neurons. Thus, this rescue system, which we call FRISSC, can be adapted to many different CSNs.
Applying the daf-19c rescue system to test the autonomous function of single CSNs: The highly efficient rescue of cilia structures on selected neurons prompted us to test whether sensory functions of these cilia were restored to a similar extent. In such a case, our rescue system would be suitable to investigate behaviors mediated by single neurons in a population of transgenic worms. As proof of principle, we used two different assays that investigate sensory behaviors either at the level of single worms or at the level of a population of worms.
First, we analyzed aversive behaviors on single worms. We used the gpa-13 promoter rescued lines to investigate the sensory function of rescued ASH neurons in drop tests (Hilliard et al. 2002) and measured aversive behaviors to water-soluble repellents. Aversion to these substances is mediated mainly by ASH and to a minor extent also by ASK or ADL, depending on the nature of the repellent. We performed drop assays using 0.1% SDS and 1 m glycerol ( Figure 5, A and B) . In these assays, Transgenic neurons were marked with gfp and scored for the activation of the direct DAF-19C target che-13TDsRed. All rescue lines summarized in this table contain the transgene promoterTgfp, , except for the gpa-13 rescue lines, which contain the transgene . Note that lines 1 and 2, respectively, described in this table are not the same as lines 1 and 2, respectively, described in Table 3 .
a The gpa-13 promoter rescue lines do not contain a gfp marker for transgenic neurons. Therefore, the percentage of calculations are based on the assumption that all neurons carry the extrachromosomal array transgene. Since extrachromosomal arrays can be lost during mitosis, these numbers are therefore an underestimate.
daf-19; daf-12 mutants and control strains containing mutations in che-13 and osm-9, which are defective in the detection of repellents, had very low a.i.'s-,0.1 for SDS and 0.2 for glycerol-compared to an a.i. of 0.96 (P , 0.001) and 0.95 (P , 0.001) in wild-type or daf-12 mutants, respectively. As expected, expression of daf-19c from the gpa-13 promoter in ASH substantially improved the avoidance behavior. We obtained an a.i. of 0.5 (P , 0.001) and 0.6 (P , 0.001) for the two rescue lines tested ( Figure 5A ). Intriguingly, this 50-60% increase in the avoidance behavior matched the 50-60% morphological rescue of ASH cilia in the two rescue lines (compare Figure 5A and Table 3 ). These results suggest that the rescue of cilia structure and sensory behavior is tightly correlated. We repeated the drop assay and followed it with a dye-filling assay for each individual worm analyzed. Indeed, we saw a strong correlation between the rescue of cilia structure and aversion. All worms in which cilia formation on ASH neurons was rescued and dye filling was restored responded correctly to the aversive stimulus, resulting in an a.i. .0.9 (P , 0.001) for the rescue lines ( Figure  5B ). As a negative control, we included the gcy-5 promoter rescue lines in our assays, lines that show functional rescue only in ASER neurons ( Figure 5A ). These CSNs are required for detection of the attractant NaCl, but not for repelling compounds. As expected, rescue of cilium structure on ASER did not restore aversion, resulting in an a.i. ,0.1.
Second, we analyzed chemotaxis behaviors in populations of worms. To specifically test the rescue of sensory functions in ASER, we performed quadrant assays that investigate the attraction to NaCl ( Figure  5C ). The attraction to salt is mediated by several CSNs, such as the bilateral neuron pairs ASEL/R and ADFL/R. Wild-type worms and daf-12 mutants, as well as osm-9 mutants, which are defective in the detection of repellents, but not of NaCl, scored c.i.'s of $0.8. Mutations in daf-19 lead to a very low c.i. of 0.09 (P , 0.001). As expected, on the basis of their sensory capacity, worms with rescued cilia on either ASER (in gcy-5 promoter rescue lines) or ADF (in gpa-13 promoter rescue lines) were able to detect NaCl correctly. Their c.i. increased to 0.32 and 0.47 (P , 0.05) in gcy-5 promoter rescue lines and to 0.45 (P , 0.1) in gpa-13 promoter rescue lines, respectively. The partial rescue observed in all lines most likely uncovers the redundant functions of several CSNs in the attraction to NaCl sensory behavior. In addition to transgenic rescued animals (''trans''), we also analyzed nontransgenic (''nontrans''), mutant worms of each strain in the very same experiments. As expected for this internal control, Rescue efficiency of cilia structures in single neurons that express daf-19c from CSN-specific promoters nontransgenic worms were not rescued for their ability to detect NaCl. In summary, our results show that the expression of daf-19c in single CSNs is highly penetrant and is sufficient to functionally restore the sensory capacity of a single CSN and the behaviors associated with this rescue of neuron function. (Senti and Swoboda 2008) . While all other cilia structure mutants show short or misshaped cilia, daf-19 mutant animals are completely devoid of cilia structures. Therefore, daf-19 mutants are guaranteed to be free from all sensory input through cilia. FRISSC uses this mutant to generate single functional CSNs on demand by expressing daf-19c from CSN-specific promoters. Thus, FRISSC experimentally introduces a simple morphological change from ''without cilium'' to ''with cilium'' on an otherwise structurally intact neuron. This results in the transformation of the sensory status of the animal from ''no input'' to ''input.'' FRISSC is not only ''clean'' with regard to sensory abilities before and after rescue, but also cell-autonomous. We tested FRISSC with regard to cilia gene expression, cilia morphology, and cilia sensory function. We observed rescue of cilia morphology and sensory output (behavior) only in those neurons in which we intentionally expressed DAF-19C, but never in other CSNs. This strictly neuron-specific cilia rescue by DAF-19C is crucial for the analysis and correct interpretation of single CSN functions and their respective contributions to neuronal networks and sensory behaviors. Furthermore, we found that the rescue potential of the different promoterT daf-19 transgenes is highly efficient and penetrant. Thus, FRISSC fulfills all requirements as a tool for studying the autonomous function of single CSNs without sensory input from other CSNs. The measurable rescue efficiency reaches wild-type levels, when only those worms are scored, in which at least one ASH neuron is able to take up the lipophilic fluorescent dye DiI (gpa-13Tdaf-19c line 1 1 DiI). (C) Quadrant assay testing chemotaxis to salt. Rescue of cilia formation through daf-19c expression from the gcy-5 promoter (in the salt-sensing neuron ASER) or from the gpa-13 promoter (in the salt-sensing neuron ADF) partially restores the attraction to salt. ''trans'' and ''non-trans'' refer to transgenic and nontransgenic animals, respectively, in the same C. elegans strain. Both populations were scored on the same assay plate and therefore give a direct estimate of the rescue efficiency. Error bars show SEM values. *P , 0.1, **P , 0.05, and ***P , 0.001 (as detected by a two-sample t-test).
Noteworthy features of FRISSC: Three protein isoforms are expressed from the gene daf-19: DAF-19A, -B, and -C. DAF-19A/B isoforms, which are not expressed in CSNs, are required for the maintenance of synaptic vesicle proteins at later stages of the C. elegans life cycle (Senti and Swoboda 2008) . All daf-19 mutant alleles currently available affect all three isoforms equally. This may be a concern when using FRISSC to conduct behavioral studies in daf-19 mutants. However, we have shown that the synaptic defects in daf-19 mutants affect adult worms only as they age (Senti and Swoboda 2008) . The defects do not affect larvae or young adults that are typically used for behavior assays. Thus, late synaptic defects due to the loss of daf-19A/B are not problematic, as is apparent from the behavioral assays that we performed in this study.
Furthermore, we performed our analyses in a daf-19; daf-12 double-mutant background to suppress the Daf-c phenotype of daf-19. In all the behavioral tests that we performed, daf-12 single mutants did not exhibit any sensory defects. Therefore, we conclude that mutations in daf-12 do not interfere with our behavioral analyses. However, in some instances a pure daf-19 mutant background might be advantageous, e.g., for dauerrelated CSN functions. In that case, the genetic background can easily be changed.
Expanding the versatility of FRISSC: Several methods are available to study sensory functions and related behaviors of CSNs. Some of them are based on the elimination of the neuron in question (cell ablation techniques using a laser beam or expression of cytotoxic molecules). Other techniques focus on isolated investigation in an environment where all other CSNs are also functional (neuronal activity imaging). Each of these methods has specific advantages; choosing one method over another is typically based on experimental circumstances.
A unique feature of FRISSC is the isolation under which a particular sensory event can be studied. All currently available cilia structure mutants have cilia remnants of various lengths, categorized as likely nonfunctional (Perkins et al. 1986; Haycraft et al. 2001 Haycraft et al. , 2003 . However, when studying these mutants, residual function, especially for sensing volatile chemicals (cues), cannot be excluded. daf-19 mutants are currently unique, as they are completely devoid of any cilia structures and therefore lack any sensory input via cilia.
Another strong advantage of FRISSC is its heritability. Transgenic worms can be generated easily, and the rescuing transgenes are then maintained as extrachromosomal arrays (Mello et al. 1991) . In contrast, laser ablation experiments yield only a limited number of manipulated animals and require specific technical equipment and skills (Bargmann and Horvitz 1991; Bargmann and Avery 1995) . We have shown that FRISSC is sufficiently quantitative as well as efficient for analyzing a particular behavior even in a population of transgenic worms. Thus, the constant supply of a large number of transgenic animals allows for the examination of even subtle phenotypes that otherwise might be missed. Although possibly advantageous, it is therefore not necessary to integrate extrachromosomal arrays into the genome prior to behavioral analyses. In contrast, as demonstrated in drop and quadrant assays, nontransgenic or mosaic animals can serve as important internal negative controls.
We developed FRISSC with the aim of studying the functions of single CSNs. Although the list of promoters specific for single CSNs is long, some CSNs share specific promoters with at least one other or more types of CSNs. In that case, the use of transgenes as extrachromosomal arrays, which are occasionally lost during mitosis, can be exploited. Since extrachromosomal arrays give rise to a heterogeneous population that does not express the transgene in every target cell, mosaic analysis can be applied. Alternatively, our rescue system can be combined with a tool that superimposes secondlevel expression control (both spatial and temporal), e.g., the FLP recombinase system (Davis et al. 2008) .
Future applications: FRISSC allows the creation and in vivo analysis of single functional CSNs independent of any other sensory input through cilia on other neurons. We envision three major areas of applications for this tool. First, FRISSC will facilitate the investigation of single cilia and CSN function from the cellular level to isolated sensory circuits and finally to isolated behaviors. For example, many CSNs, such as those involved in salt taste and nose touch, have overlapping sensory modalities, and discerning the contribution of an individual neuron type can be difficult. FRISSC will be one of the tools of choice when sensory redundancies need to be understood. The investigation of the role of selected interneurons, which typically receive input from multiple CSNs, in a particular sensory behavior will be possible with FRISSC. Similarly, this novel tool can be used to study the crosstalk between CSNs. These neurons not only transmit signals through interneurons, but also establish elaborate contacts to other CSNs. For example, the CSN ASER establishes synaptic contacts to the following CSNs: ADL, ASI, AWA, and AWC (White et al. 1986 ). It will therefore be interesting to investigate how the detection of a certain cue X affects signaling in the CSN Y, even though CSN Y itself does not detect cue X. With a tool like FRISSC, which makes use of CSNs that lack cilia (sensory input) but are otherwise functional, it will be possible to answer those kinds of questions. Second, single isolated cilia can also be used in a gain-of-function or sufficiency approach by expressing and analyzing individual molecular components of the signal reception and transduction machinery in different types of CSNs. The function and effect of these proteins can subsequently be evaluated from the cellular to the organism level in vivo in transgenic animals. Finally, FRISSC combined with other methods creates a powerful tool for studying questions concerning the development of functional cilia as such. Adding time control to the spatial expression of DAF-19, e.g., by adapting the hsf-1 model (Bacaj and Shaham 2007) or the FLP-recombinase system (Davis et al. 2008) , allows the precise initiation of ciliogenesis. Thus, one could investigate the potential of DAF-19-induced ciliogenesis at different developmental stages or could focus on the early steps of cilia assembly. The latter application will be made considerably easier, as not all cilia develop at the same time or in the same manner (Sulston and Horvitz 1977; Sulston et al. 1983) . Being able to selectively focus on only one cilium will help to solve time-related aspects of ciliogenesis, including when and how sensory cilia attain their signal reception and transduction capacities. Overall, FRISSC will allow questions to be answered regarding sensory neuron development and sensory mechanisms from a new angle. It will therefore provide a valuable addition to the toolbox for sensory behavior analysis.
